Abstract: Wood production is a metabolic process requiring high amount of soluble carbohydrates as source of carbon skeletons, energy, or signalling molecules. Nevertheless, the role of soluble sugars and starch has been rarely investigated in the growth to dormancy transition phase. The aim of this work was to investigate the carbohydrate concentrations and the transcription level of some candidate genes involved in cellulose and starch metabolisms in competitive carbon sinks such as phloem, maturing xylem, and xylem during the active growth to dormancy transition phase in Picea abies (L.) Karst. Stems were sampled every two weeks between July and October from potted eight-year-old Norway spruce plants. Results highlight that the cellulose biosynthesis regulated the pattern of carbohydrate changes in the phloem and maturing xylem during the transition to dormancy. In particular, the cessation of CesA (α-cellulose synthase) mRNA accumulation in maturing xylem determined a shift in the carbohydrate partitioning from the utilization sinks to the storage compartment. The content of carbohydrates was modulated in the maturing xylem by cellulose metabolism during the xylogenesis and by starch metabolism during the cambium dormancy. On the contrary, the carbon competition between utilization and storage sinks seemed to be less connected within the phloem. Since the amount of soluble carbohydrates within the maturing xylem and phloem has never been limited during the growth to dormancy transition phase, the cessation of the CesA transcription was probably determined by environmental conditions rather than by carbon limitation or sink competition.
Introduction
Trees maintain a positive carbon balance to support their growth despite the continuous exposure to environmental stresses. In plants, carbon partitioning, that is the carbon distribution from sources to sinks or storage compartments, is influenced by the capacity to take up carbon and to translocate it toward other organs (Wardlaw, 1990) . Since more than two-thirds of woody plant dry weight is represented by transformed sugars, the metabolism of carbohydrates, their transport from photosynthetically active source organs to photosynthetically inactive sink organs, and their incorporation within new tissues are fundamental processes (Dickson, 1989) . Sinks are divided in two types: storage sinks, like wood parenchyma or seeds, and utilization sinks, highly metabolically active and rapidly growing tissues and organs such as cambial region or developing leaves (Sonnewald & Willmitzer, 1992) .
Within the stem of woody plants, starch is the main storage carbohydrate. It is synthesised and mobilised during the day and its content changes within the stem according with a defined seasonal pattern as well as in response to environmental stresses (Regier et al., 2010) . Several key enzymes are involved in the regulation of starch turnover such as the starch synthases (SS), the amylases, such as β-amylases (Bmy), or the ADP glucose pyrophosphorylases, and their functions and interactions have been already elucidated in model plants such as Arabidopsis thaliana (Stitt & Zeeman, 2012) as well as in stem of woody plants like poplar and black locust (Witt & Sauter, 1994; Magel et al., 1997) . The carbohydrate balance in the storage and utilization sinks is mainly regulated by the C-sink strength of growing and developing tissues which in turn depends on the season and the plant phenology. Therefore, the carbohydrate reserves fluctuate throughout the year decreasing rapidly with bud break, root growth, and the onset of cambial activity, and then increasing at the end of growing season in correspondence to dormancy (Loescher et al., 1990; Regier et al., 2010) . The intra-annual fluctuations of stored and mobile carbohydrates into the stem are mainly regulated by the C-requirements of cambium and developing xylem and phloem (Hoch et al., 2003; Deslauriers et al., 2009 ) and they are strictly associated with the cambium phenology (Gruber et al., 2013; Jyske et al., 2015) . Recent evidence showed in Larix decidua Mill. and Picea abies (L.) Karst that the concentration of soluble sugars in cambial region is higher in concomitance with the secondary wall formation and the lignification than during the cell proliferation peak (Simard et al., 2013) . Cell wall deposition and lignification are metabolic processes requiring high amounts of soluble carbohydrates as source of carbon skeletons, energy, or signalling molecules . Lignification is the process by which monolignols are linked together to form a complex racemic aromatic heteropolymer (Boerjan et al., 2006) . The deposition of lignin within the cellulose matrix is the final process that leads to a mature tracheid and it occurs in concomitance with the cell death . This metabolic process occurs differently during the formation of earlywood and latewood tracheids (Antonova et al., 2014) and in latewood tracheids it lasts beyond the end of cambium proliferation and cell expansion phase (Gindl et al., 2000) . In Picea abies (L.) Karst, the latewood tracheids have smaller diameters and thicker secondary walls than the earlywood ones and the transition between the two tracheid types takes place gradually in concomitance with the decline of photoperiod and temperature . Since the latewood fraction can explain up to 60% of the density variation of woody rings, it represents the main trait to predict the wood quality (Wimmer, 1995) . Furthermore, the maximal latewood density can be used as a proxy-climatic indicator into tree rings (Björklund et al., 2017) .
Although many studies have been carried out to understand the physiological mechanisms involved in carbon partitioning in the stem during the onset of cambium activity (Begum et al., 2010; Regier et al., 2010; Simard et al., 2013) , the role of soluble sugars and starch in latewood formation and dormancy transition has rarely been investigated (Uggla et al., 2001; Antonova et al., 2006; Deslauriers et al., 2009) . The understanding of mechanisms involved in the control of carbohydrate partitioning from sources to sinks represents a key step to clarify the whole plant-carbon balance (Sharkey, 2015) . Some authors reported that several genes related to carbon metabolism could affect the carbon partitioning in the stem of poplar (Coleman et al., 2009) , cotton (Babb et al., 2001) , and Scots pine (Uggla et al., 2001) . For example, sucrose synthase (Sus), connected to the complex of plasma-membrane cellulose synthase (CesA) has a pivotal role in conveying UDP-Glucose into cellulose production (Coleman et al., 2006; Ruan, 2014) . Geisler-Lee et al. (2006) reported a low expression of genes related to the starch metabolism in xylem-forming tissues of P. trichocarpa, demonstrating that sucrose was entirely used for cell wall formation or as energy source rather than stored as starch. However, Oribe et al. (2003) showed that the cell differentiation in Abies sachalinensis Schmidt. depended on the continuous supply of sucrose derived from the hydrolysis of stored starch within the stem during cambial reactivation. These results highlight the importance of deepening the knowledge of the role of the cellulose and starch metabolisms for understanding the distribution of the non-structural carbohydrates along the xylem-phloem radial profile of the stem. The definition of the main role of these mechanisms in the carbon partitioning within the stem could represent a key step to understand the involvement of carbohydrate metabolism in latewood formation in Norway spruce.
In a previous paper, Emiliani et al. (2011) showed that: i) the molecular processes involved in monolignol biosynthesis are not restricted to the cambial activity timeframe but continue after the end of cambium proliferation; ii) the phloem could play a crucial role in the monolignol biosynthesis process acting as a reservoir of monolignol precursors necessary to complete the latewood tracheid lignification. According with other reports, source C-limitation was not found during growing season and dormancy in cambial region of Norway spruce at high elevation sites (Simard et al., 2013) . Although these results highlight the putative pivotal role of cambium in the carbon partitioning within the stem, very little information has been reported about the carbon status within surrounding tissues such as ray parenchyma, maturing xylem, and phloem during the growing season and dormancy. In this frame, an important question remains to be solved: could the high C-sink strength of cambium induce a C-depletion within the surrounding living tissues and wood during period of reduced C-source activity (low photosynthetic rate) and high C-requirement for lignification? Since the C-storage tissues are considered active sinks competing with growth (Sala et al., 2012) , the final phase of cell wall deposition and lignification could compete with the storage sinks, such as ray parenchyma and mature phloem, during the transition to dormancy. On the basis of these assumptions, we hypothesised that: a) the concentration of non-structural carbohydrates within competing C-sinks along the xylem-phloem radial profile was regulated by cambium activity; b) the cellulose biosynthesis was the main metabolic process determining the fate of soluble carbohydrates into the stem during the transition to dormancy. In this frame, the aim of this work was to investigate the concentration of carbohydrates and the transcription level of some candidate genes involved in cellulose and starch metabolisms in the phloem (Ph), maturing xylem (MXy), and mature xylem (Xy) during the active growth to dormancy transition phase in Picea abies (L.) Karst.
Materials and methods

Plant material
In October 2007, fifty six-year-old Norway spruce (Picea abies (L.) Karst) plants, selected from open-pollinated trees, were potted in plastic pots (45 l) filled with a mixture of sand, peat moss, and clay (55/40/5 v/v/v, pH = 6.8) and grown in the nursery of the Az. Demaniale Rincine (Florence, Italy, altitude 900 m a.s.l). In early January 2009, forty plants were selected for their uniformity (average collar diameter and height 4.6 ±0.2 cm and 128 ±6.2 cm, respectively) and transferred to a nursery of CNR-IVALSA, Sesto Fiorentino (Florence, Italy). The plants were fertilized with a commercial slow-release fertilizer (18:18:18, N:P:K) and irrigated daily using a system with two drip nozzles for each plant (2 l h -1 each dripper) in order to maintain the soil moisture at field capacity from April to October. On Day Of Year (DOY) 133, plants were divided randomly in three groups: a) twelve plants were used to asses wood formation by microcore puncher; b) twenty plants were used for destructive sampling to assess biochemical and molecular analyses from DOY 210 to DOY 289, as it has already reported in Emiliani et al. (2011) ; c) eight supplementary plants were used to monitor stem radial growth with point dendrometers (data reported in Emiliani et al., 2011) . In this work we used only data deriving from plants of points a and b.
Wood formation phenology
The tracheid formation process was investigated by performing anatomical analyses on wood microcores. The twelve plants (group a) used for anatomical observations were randomly divided in four groups of three plants each. Microcores were collected every two weeks from four plants using a Trephor tool. A microcore from each plant (1.8 mm in diameter and 15 mm length), comprising bark, cambial zone and, at least, the last formed tree-ring was collected. For each sampling day, one plant for each group (n = 4) was used. Thus, at the end of experiment each plant has been sampled four times. Immediately after the sampling, the microcores were preserved in a solution 10/90 v/v of H 2 O/EtOH. The woody samples were embedded in ice on a Peltier plate, and transverse sections of 8-12 µm thickness were obtained using a sliding microtome. The wood sections were stained with cresyl violet acetate (0.16% in H 2 O) and examined within 10-25 min using visible and polarized lights to discriminate the differentiation of xylem according to four distinct phases (cambium division, cell radial enlargement, secondary wall thickening and lignification, and mature tracheids). A Nikon Eclipse E800 light microscope connected to a Nikon DS-Fi2 microscope camera (Nikon Corporation, Tokyo, Japan) was used for anatomical observations. Transversal sections were analysed on four to six independent images per sector using the NIKON NIS-ELEMENTS software. For each section, the radial number of cambial (n C ), enlarging (n E ), wall thickening (n W ), and mature (n M ) cells were counted along three radial files. In the cambial zone, the cells were selected on the basis of their thin cell walls and small radial width (Balducci et al., 2016) . The enlarging cells were selected for their greater radial dimensions and the presence of a thin primary wall. The cells in the wall thickening zone were selected on the basis of their birefringence under polarized light (which indicated the presence of secondary cell wall) and their colour (the reaction of cresyl violet acetate with lignin produced a colour change from violet to blue when lignification was complete). Finally, the cells with homogeneous blue colour over the whole cell wall were considered mature.
Sample preparation for biochemical and molecular analyses
For the biochemical and molecular analyses, a total of twelve plants were harvested every two weeks, from DOY 210 to DOY 289, at the same hour in the early morning as reported by Emiliani et al. (2011 . Two stem discs (2 cm thick) were collected from the lower section of the stem (one-fourth of the height from the collar) and immediately frozen in liquid nitrogen.
Stem discs were freeze-dried at a constant temperature of -50°C under vacuum. The outer part of the bark was removed, and the cambial zone with the inner phloem (Ph) and the maturing xylem (MXy) was gently scraped with a razor blade from the inner side of the bark and the outermost side of the stem, respectively. On average 50 to 80 mg g -1 DW of MXy and 180−300 mg g -1 DW of Ph were collected at each sampling date. The mature xylem (Xy), corresponding to the new formed xylem, was reduced to a fine powder with Ultra Centrifugal mill ZM 200 (Retsch, Haan, Germany) equipped with a 12-tooth rotor and ring sieves with 0.75 and 0.25 mm trapezoid holes.
Soluble sugar and starch quantifications
Soluble sugar and starch quantifications were performed on 40 mg of freeze-dried powder (Ph, MXy, and Xy) following the protocol reported in Giovannelli et al. (2011) . The content of soluble sugars was determined by a HPLC (high-performance liquid chromatography) equipped with a SHODEX SUGAR Series SC-1011 8 × 300 mm column (Showa Denko, Germany) preceded by a pre-column Sugar Pak II Guard-Pak Insert (Waters). The mobile phase was H 2 O (Milli Q grade, pH = 7), with a flow rate of 0.5 ml min -1 . Soluble sugars were identified with a refractive index detector (LC-30 RI, Perkin Elmer). The identification of soluble sugars was verified using carbohydrate standards (Sigma-Aldrich, St. Louis, MO, USA) and normalized by means of the sorbitol added as internal standard solution (Harris, 1997) . The starch was measured in the residual powder after the soluble sugars extraction. Briefly, the powder was suspended in 1.5 ml acetate buffer (pH = 5), boiled at 100°C for 1 h and cooled at room temperature. Thus, samples were incubated at 55°C for 16 h with 150 µl of Amyloglucosidase from Aspergillus niger (Fluka, Sigma-Aldrich, St. Louis, MO, USA). Finally, samples were diluted with distilled water to 5 ml and three aliquots of each sample (0.25 ml) were assayed colorimetrically using PGO Enzyme Preparation and o-Dianisidine (Sigma-Aldrich, St. Louis, MO, USA). The detection limit of this protocol was 0.1 mg of glucose equivalent.
Primer design, RNA isolation, and RT-PCR analyses
Total RNA was extracted from 40 mg of freezedried powder (Ph and MXy) according to Chang et al. (1993) , substituting spermidine with β-mercaptoethanol in the extraction buffer. Nucleic acid concentration was determined using a NanoDrop ND-100 spectrophotometer (Termo Fisher Scientific, Waltham, MA, USA). RNA integrity was checked by denaturing agarose gel electrophoresis. Total RNA was treated with "DNase I Amplification Grade" kit (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer's protocol, precipitated with LiCl and re-suspended in H 2 O (Milli Q grade). An amount of 1 μg of total RNA was retro-transcribed in first-strand complementary DNA (cDNA) using the reverse transcription polymerase chain reaction system "SuperScript VILO . Two reference genes, EF1-α and 18S, were chosen as references for normalization as reported by Emiliani et al. (2011) . The mRNA transcript accumulations of the following genes were analysed: sucrose synthase (Sus), α-cellulose synthase (CesA), starch synthase (SS), and β-amylase (Bmy). For each multigene family, one member was chosen on the basis of Arabidopsis thaliana homologue. The A. thaliana homologue amino acid sequences of these enzymes were retrieved from TAIR database (www. arabidopsis.org − Huala et al., 2001 ) and used as seeds for a BLAST search against the P. abies proteome in the Congenie database (http://congenie.org/ − Nystedt et al., 2013) . The sequences retrieved from Congenie database were used to design primers (Tab. S1 in Supplementary Material). Sus primers were designed on CDS of MA_10432094g0010, which was homologue with AT4G02280 TAIR database amino acid sequence (SUS3 protein). CesA primers were designed on CDS of MA_183130g0010, which was homologue with AT5G17420 TAIR database amino acid sequence (CESA7 protein). SS primers were designed on CDS of MA_294189g0010, which was homologue with AT3G01180 TAIR database amino acid sequence (SS2 protein). Bmy primers were designed on CDS of MA_10432630g0020, which was homologue with AT3G23920 TAIR database amino acid sequence (BMY7 protein). The quantification cycles (Cqs) of all cDNA samples were used to calculate the target and reference gene specific amplification efficiencies. The PCRs were performed in duplicate reactions for each sample. In each run, and for each gene, a no template control was amplified, resulting in Cqs that were always higher than 38. The PCRs were performed using the "Express SYBR greener qPCR Supermix Universal" kit (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's protocol. The complete RT-PCR protocol was 95°C for 20 s, 60°C for 30 s, and 72°C for 30 s for a total of 40 amplification cycles. The RT-PCR results were then analysed with qBase software using the ∆∆Cq method with the reference genes.
Statistical analyses
All the data were checked for normal distribution using D'Agostino-Pearson K 2 test and transformed when necessary before conducting analysis of variance (ANOVA). The effects of the time and the interaction between time and tissue were assessed using one-way or two-way ANOVA, respectively. Post hoc analysis was conducted using Bonferroni multiple comparison test (P < 0.05) or Tukey-Kramer test (P < 0.05), respectively. Correlation was verified by Pearson's test. All the analyses were performed with NCSS Data Analysis software and all graphs were plotted with Prism 5 (GraphPad, La Jolla, CA, USA).
Results
Phenology of wood formation
In order to characterize the cambium growth to dormancy transition phase, the phenology of tracheid formation was followed by anatomical observations from DOY 120 (growth) to DOY 289 (dormancy). On the basis of the number of cell types assigned to a well-defined developmental stage (obtained by the weekly microcore sampling), we selected six key steps ( Fig. 1): 1° ) culmination in the number of cells in cambial region and enlarging phase (from DOY 148 to DOY 210); 2°) decrease in the number of enlarging cells (from DOY 210 to DOY 224); 3°) reduction in the number of cells within the cambial zone (from DOY 224 to DOY 241); 4°) cessation of cell proliferation, absence of enlarging cells and high number of cells reaching the wall thickening phase (from DOY 241 to DOY 258); 5°) end of cell wall thickening (from DOY 258 to DOY 274); 6°) end of cell morphology modifications (from DOY 274 to DOY 289). On DOY 210, more than 75% of mature tracheids of the current woody ring were produced (Fig. 1d) . At this time, the cambial zone was composed of 8-15 cells, 9-10 derivative xylem cells in expansion phase, and 8-9 cells in wall thickening phase (Fig. 1a-c) . Rapid morphological changes in the cambial zone were recorded from DOY 210 to DOY 241. In this phase, both the number of cells in proliferation that in enlargement decreased thus determining the shrinkage of the cambial zone width (from 200 µm on DOY 201 to 80 µm on DOY 241, data reported in Emiliani et al., 2011) . As a consequence, the duration of cell differentiation process increased (expressed as the time that a cell spent in each phase before it became mature) and a high number of cells were undergone to wall thickening and lignification (from DOY 241 to DOY 258). In this frame, the morphological traits of the newly formed tracheids did not change further and the deposition of secondary wall ended on DOY 274. From DOY 274 to DOY 289, cambium was dormant, cell morphology did not change, and lignification occurred only in latewood tracheids.
Soluble sugars and starch concentrations
The soluble sugar and starch contents were quantified during the six steps of transition from active growth to dormancy in the Ph, MXy, and Xy (Fig. 2,  Fig. 3 and Fig. S1 in Supplementary Materials). The Ph and MXy had significantly higher soluble sugar At all sampling times, sucrose was the major soluble sugar in the stem and it represented on average 74% and 70% of the total soluble sugars in the Ph and MXy, respectively. On the contrary, it decreased to 56% in the Xy. Pinitol was the most abundant polyol and it accounted on average for over 12% of the total soluble sugars while the hexoses (glucose and fructose) did not exceed the 7% in the Ph and MXy and 15% in the Xy. Raffinose was always present in traces in the Ph and MXy (< 2% of total soluble sugars) and it was not recorded in the Xy. Sucrose concentration did not statistically change during the transition from active growth to dormancy in all tissues showing that the disaccharide was not limiting during this stage. On the contrary, the amounts of pinitol and hexoses changed significantly in the Xy (P < 0.01), while they did not change in the Ph and MXy. In particular, these soluble sugars reached a minimum in the Xy in concomitance with the end of cell enlargement phase (DOY 258).
Starch (Fig. 3 ) was only present in the Ph and MXy, while it was undetectable in the Xy; as a whole, the Ph had double amount of starch compared to the MXy (on average 16 vs 7 mg g -1 DW, P = 0.05). However, a seasonal trend characterized the amount of starch in both tissues. In particular, from DOY 210 to DOY 258 (from cambium proliferation to the end of cell enlargement), the starch content remained stable, ranging from 8 to 12 mg g -1 DW in the Ph and 2-3 mg g -1 DW in the MXy. A significant increase in starch content was recorded between DOY 258 and DOY 274 in both tissues in correspondence with high cell wall deposition rate.
mRNA transcriptional accumulation
The mRNA accumulation (Fig. 4) was monitored in the Ph and MXy for the following genes: sucrose synthase 3 (Sus), α-cellulose synthase 7 (CesA), β-amylase 7 (Bmy), and starch synthase 2 (SS). The transcript accumulation of the selected genes highlighted their involvement in the carbon metabolism during the transition from cambium growth to dormancy in Norway spruce stem. The CesA (Fig. 4a) transcription was strictly related to the cell wall deposition processes. In particular, CesA mRNA transcriptional accumulation was recorded until the cell wall thickening occurred in the derivative cambial cells and then it rapidly ceased. Specifically, the CesA mRNA accumulation showed different trends within the two tissues (time × tissue, P < 0.001). Within the Ph, CesA gene was highly transcribed until DOY 224, and then the transcription rapidly decreased until reaching the detection limit after DOY 241. On the contrary, the mRNA accumulation showed a high variability in the MXy. However, the CesA mRNA accumulation increased until DOY 258 and then it dropped down at the detection limit. As for CesA, the Sus mRNA transcriptional accumulation (Fig.  4b) was affected by the cambium phenology. As a whole, the Sus mRNA accumulation differed during the latewood formation between tissues (time × tissue, P = 0.033), showing that the Ph and MXy had different C-requirements or specific needs during the active growth to dormancy transition phase. In particular, Sus was more transcribed in the Ph on DOY 241 and 258, in correspondence with a high cell wall thickening rate. The Bmy mRNA accumulation (Fig. 4c) increased during the transition from cambium growth to dormancy and the trend differed between the Ph and MXy (time × tissue, P < 0.001). Bmy mRNA transcription was higher in the Ph than in the MXy on DOY 210 and in correspondence with the highest rate of cell wall thickening (DOY 258 and DOY 274). The SS mRNA accumulation (Fig. 4d) increased during the cambium transition from activity to dormancy showing that this gene was mostly involved in C-storage rather than in cell differentiation and growth. The relative abundance of SS mRNA was significantly higher in the Ph than in the MXy during cambium proliferation and cell enlargement while no differences were recorded later DOY 224. The mRNA accumulation of genes involved in starch MXy data were log 10 (x) transformed in before the analysis metabolism, cellulose metabolism and sucrose catabolism showed similar trends (Tab. S2 in Supplementary Materials). In fact, significant correlations occurred between Bmy and SS (R = 0.85, P < 0.001), and Sus and CesA (R = 0.93, P < 0.001) mRNA levels in the MXy while lower correlations were recorded in the Ph.
Discussion
The aim of this work was to investigate the pattern of carbohydrate changes during the growth to dormancy transition phase in the stem of Picea abies (L.) Karst, through a highly frequent sampling (interval sampling from 12 to 17 days). Results highlighted that the cambium dormancy did not affect the soluble carbohydrate concentrations in competing C-sinks, such as the Ph and MXy, during the latewood formation. Our results further supported the idea that the arrest of the metabolic processes related to xylogenesis occurring during the transition to dormancy was not induced by a reduced C-availability within the main C-sinks (Ph and MXy), as already reported for cambial region in Picea abies (L.) Karst (Simard et al., 2013) .
The level of sucrose in the Ph and MXy was never limiting DW during the latewood formation. This result supported the hypothesis that a basal concentration of sucrose within the sink, such as cambium, could be maintained over the season. On the other hand, glucose and fructose could accumulate in response to sucrose catabolism (Geiger, 2011; Ko et al., 2011) . In Norway spruce, the cambium and its derivative cambial cells represented powerful C-sinks, as already shown in poplar (Schrader & Sauter, 2002; Deslauriers et al., 2009 ), Picea mariana Mill. (Deslauriers et al., 2014 , Larix decidua Mill. (Simard et al., 2013) and beech (Scartazza et al., 2015) . Sucrose, glucose, and fructose concentrations did not change in the Ph and MXy from DOY 216 to 254, as also reported in cambial region of Picea abies (L.) Karst (Simard et al., 2013) . On the contrary, glucose, fructose, and pinitol concentrations decreased significantly in the Xy during the latewood formation. These results did not confirm previous findings on Picea spp. showing that pinitol concentration did not change over the season within the xylem (Simard et al., 2013; Deslauriers et al., 2014) . The variation in pinitol content could be due to a shift of this polyol from the storage compartment (living parenchyma within the xylem) towards the MXy and Ph to protect CesA mRNA transcriptional accumulation data were log 10 (x) transformed in before the analysis these compartments from the water stress damages as already shown in Norway spruce (Tomasella et al., 2017) and Douglas fir (Jansen et al., 2014) . Surprisingly, we did not find starch within the newly formed woody ring during the latewood formation. The accumulation of starch into the ray cells of sapwood during late summer has already been reported for five-year-old plants (Liu et al., 2004) as well as for adult trees of Norway spruce (Simard et al., 2013) . The discrepancy of our results with the previous findings might be due to the source of samples used for the determination of starch. In our experiment, we collected only the woody ring formed during the current year. Thus, the absence of starch into the current year wood ring could reflect a reduced storage capacity of newly formed ray cells rather than starch absence in the stem.
The cambium proliferation phase (DOY 210) was characterized by a high concentration of soluble sugars in the Xy and a high transcription of genes related to starch metabolism (Bmy and SS) and cellulose synthesis (CesA and Sus) in the Ph. The high level of mRNA accumulation of CesA in the Ph from DOY 210 to 224 indicated the occurrence of high rates of cell wall biosynthesis in this sink. During this phenophase, the carbon used for the cell wall biosynthesis could be supplied by the sucrose derived from photosynthesis and loaded in the phloem rather than by the stored starch (low starch concentration as well as low Bmy mRNA accumulation). These results provide evidence that at least part of xyloglucan and cellulose in the stem could be synthesized from sucrose loaded directly into the phloem (Konishi et al., 2004) . The mobilization of the soluble sugars and phenylpropanoid precursors from the phloem to the cambial region during summer has been already reported in Larix sibirica Ldb. (Antonova et al., 2008) , Pinus sylvestris L. (Antonova et al., 2006) , and Picea abies (L.) Karst . Furthermore, also the hexoses, glucose and fructose, in the Xy could be used to support the production of cellulose and lignin as highlighted by their lower value from DOY 224 to DOY 274, in correspondence with the high number of cells that have transitioned to wall thickening. The CesA-Sus gene down-regulation from DOY 274 was related to the end of cell wall thickening phase and to a metabolic shift toward the starch synthesis in both MXy and Ph. In particular, the down-regulation of the CesA was associated with an accumulation of starch in both tissues and a high transcription of Bmy and SS genes.
In Norway spruce during the cambium transition to dormancy the starch accumulation did not compete with cellulose biosynthesis for the carbon, as already reported in A. thaliana (Delmer et al., 2002) and oak (Hill et al., 1995) . Thus, the down-regulation of the CesA and Sus in the MXy was related to the end of the secondary wall formation and it might represent a key signal that shift the carbon flux from utilization sinks toward the storage compartments within the stem. After the CesA down-regulation, the soluble sugars could be addressed to the starch accumulation and/or the phenylpropanoid metabolism for the latewood formation, as previously shown by Emiliani et al. (2011) . Specifically, the homologue AtCesA7 gene in A. thaliana was associated with secondary cell wall development (Samuga & Joshi, 2002) . A direct role of CesA family genes in the cellulose biosynthesis was showed using A. thaliana (Persson et al., 2007; Bashline et al., 2014) . Furthermore, the role of Sus in the modulation of C-sink strength has been demonstrated in different species such as poplar (Coleman et al., 2007) , tobacco (Coleman et al., 2006) , and sugarcane (Wang et al., 2013) . The relative gene transcriptions of CesA and Sus were highly correlated in the MXy (Pearson's coefficient 0.93, P < 0.001) confirming both genes probably belonged to the same catalytic unit (Coleman et al., 2009; Fujii et al., 2010) . Surprisingly, CesA and Sus transcript accumulations were not correlated within the Ph (Pearson's coefficient 0.57, P = 0.055). These results highlighted that the expression pattern of different CesA genes might be tissue-specific (Holland et al., 2000; Delmer et al., 2002) and then specific CesA isoforms could be activated in the Ph. Moreover, the asynchronous mRNA accumulation of CesA and Sus within the Ph and MXy could mirror the different C-sink strength of these tissues during the latewood formation. In particular, the down-regulation of the CesA gene in the Ph preceded by one month the down-regulation in the MXy highlighting that different timing and rates of sugar metabolism took place in these tissues. Since the amount of soluble carbohydrates within the MXy and Ph was never limiting during the experiment, the cessation of the CesA transcription was not induced by C-limitation or sink competition. Multiple external factors were known to control cell wall synthesis, such as circadian clock, light quality, and temperature (Ivakov et al., 2017) . In particular, cellulose biosynthesis was considered a temperature-sensitive process and a night temperature < 22°C was defined as sub-optimal to maintain high rate of crystalline cellulose deposition in the secondary cell wall of cotton (Delmer et al., 2002) . During the late summer-middle autumn, the temperature and the daylight duration decreased rapidly from DOY 274 to DOY 289 and the mean temperature in the nursery ranged between 18°C and 10°C (data reported in Emiliani et al., 2011) . In this frame, cellulose biosynthesis might cease as a consequence of decreasing temperature or shortened photoperiod. The decrease of cellulose synthesis seemed to exert a genetic control over the starch metabolism in MXy. Furthermore, in this tissue, the increase of SS transcription was probably due to the necessity to accumulate starch for the reactivation of cambium during the following growing season, as also observed in Abies sachalinensis Schmidt. (Oribe et al., 2003) . On the other hand, the decrease of temperature imposed the need to have starch-derived sugars acting as osmoprotectants or energy sources to achieve cold acclimation, as found also in Picea sitchensis (Dauwe et al., 2012) . Thus, also the starch degradation (Bmy gene) increased as well as the amount of soluble sugars within the Xy.
On the basis of the results, the spatial and temporal patterns of the non-structural carbohydrate contents and the transcriptional accumulation of the genes involved in carbohydrate metabolism during latewood formation were highly related to the high C-requirement of maturing xylem and ray parenchyma while the dormant cambium did not represent a powerful C-sink at this stage. In particular, the pattern of soluble carbohydrate changes was modulated in the MXy by cellulose metabolism during the xylogenesis and by starch metabolism during the dormancy of cambium while the cellulose and starch metabolisms in the Ph did not seem to be related to wood formation.
